Variation in the expression of genes with putative roles in wood development was associated with single-nucleotide polymorphisms (SNPs) using a population of loblolly pine (Pinus taeda L.) that included individuals from much of the native range. Association studies were performed using 3938 SNPs and expression data obtained using quantitative real-time polymerase chain reaction (PCR) (qRT-PCR) for 106 xylem development genes in 400 clonally replicated loblolly pine individuals. A general linear model (GLM) approach, which takes the underlying population structure into consideration, was used to discover significant associations. After adjustment for multiple testing using a false discovery rate correction, 88 statistically significant associations (Q < 0.05) were observed for 80 SNPs with the expression data of 33 xylem development genes. Thirty SNPs caused nonsynonymous mutations, 18 resulted in synonymous mutations, 11 were in 3′ untranslated regions (UTRs), 1 was in a 5′ UTR and 20 were in introns. Using AraNet, we found that Arabidopsis genes with high similarity to the loblolly pine genes involved in 21 of the 88 statistically significant associations are connected in functional gene networks. Comparisons of gene expression values revealed that in most cases the average expression in plants homozygous for the rare SNP allele was lower than that of plants that were heterozygous or homozygous for the abundant allele. Although there are association studies of SNPs and expression profiles for humans, Arabidopsis and white spruce, to the best of our knowledge, this is the first example of such an association genetic study in pines. Functional validation of these associations will lead to a deeper understanding of the molecular basis of phenotypic differences in wood development among individuals in conifer populations.
Introduction
Xylem development is a complex process and wood properties are determined by the activity of many genes and proteins expressed during xylogenesis (Whetten et al. 2001 ). There is a great deal of interest in the identification of genes or alleles controlling wood/xylem development as wood is a major source of terrestrial biomass and is an economically important plant tissue (Plomion et al. 2001) . Genes that affect important wood properties such as cell wall thickness, wood specific gravity, microfibril angle, fiber length, lumen diameter and chemical composition of major cell wall components, such as cellulose, lignin and hemicelluloses, are potential targets for the modification of wood properties through breeding or genetic engineering (Yang and Loopstra 2005) . Functional genetic variants can manifest themselves by directly affecting protein structure and hence protein function or through the alteration of gene expression either through the modification of regulatory elements or through the structural alteration of
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proteins affecting gene expression. Here we utilize an association mapping approach to dissect the genetic basis of gene expression phenotypes for genes hypothesized to affect xylogenesis in loblolly pine (Pinus taeda L.).
Association mapping utilizes the genetic diversity in large populations to identify genes responsible for quantitative variation of complex traits (Risch and Merikangas 1996 , Neale and Savolainen 2004 , González-Martínez et al. 2006 , Zhu et al. 2008 . Partial lists of plant species in which association studies have been successfully used to dissect complex traits are given by Gupta et al. (2005) and Hall et al. (2010) . The recent domestication and low level or the lack of population structure in conifers (e.g., Al-Rabab'ah and Williams 2002) make them ideal organisms for association studies. Association mapping requires large numbers of single-nucleotide polymorphisms (SNPs) in the study population and conifers appear to have sufficient nucleotide diversity Savolainen 2004, Savolainen and Pyhäjärvi 2007) . Dillon et al. (2010) identified 10 SNP markers in the natural populations of Pinus radiata D. Don that were significantly associated with solid wood phenotypes. Neale and Kremer (2011) provided a summary of different complex trait dissection studies (quantitative trait locus (QTL) and association) that have been done in forest trees for a range of phenotypes and environmental conditions. Previous studies on selected regions of the genome have shown that linkage disequilibrium declines rapidly within the length of an average-sized gene in conifers (Brown et al. 2004) . Genetic associations, therefore, are likely to be located in close proximity to the causative polymorphisms (González-Martínez et al. 2007 ). Loblolly pine is ideal for association analyses as it has large, relatively unstructured natural populations (Eckert et al. 2010 ) and can be easily propagated to create large clonal populations for precise evaluation of phenotypes.
Gene expression can be measured accurately and consistently making it a relatively easy quantitative phenotype to measure. Gene expression level is affected by polymorphisms in both cis and trans regulatory regions or exonic variants altering transcript stability or splicing. Differences in gene expression between individuals may have no effect on phenotypes; but in many cases, expression differences do have an effect. Previous studies have demonstrated that differences in gene expression can be associated with quantitative traits and SNPs. Zou et al. (2010) successfully used gene expression levels as endophenotypes in a genome-wide association study (GWAS) of Alzheimer's disease in humans and identified three SNPs that associated significantly with IDE (insulin degrading enzyme) expression levels. Kirst et al. (2004) used a linkage mapping approach in Eucalyptus to associate quantitative differences in mRNA levels with wood quality and growth QTLs. Atwell et al. (2010) performed a GWAS in Arabidopsis inbred lines with 107 phenotypes which included expression of FLOWERING LOCUS C and FRIGIDA genes. Beaulieu et al. (2011) used a candidate gene approach in white spruce to test for associations between 944 SNP markers from 549 candidate genes and 25 wood quality traits. They discovered a total of 25 SNPs that had significant associations (P ≤ 0.01 and Q ≤ 0.10) for early (12 SNPs), late (8 SNPs) and total wood traits (5 SNPs) using two different models. They also studied the expression differences of the genes with these SNPs among the 492 trees in their white spruce discovery population and observed significant differences in expression for some of these genes. Based on these and similar studies, we predicted that we could identify associations between the expression of putative xylem development genes in loblolly pine and SNPs in transcribed genes. To the best of our knowledge, this is the first instance where quantitative gene expression variation has been used as a phenotype in association studies in a pine.
Biochemical analyses and gene or protein expression profiling experiments have been used to identify genes involved in wood development in forest trees (Whetten et al. 1998 , Plomion et al. 2001 , Boerjan et al. 2003 , Peter and Neale 2004 , Kumar et al. 2009 ). The functions of several of these genes were confirmed with the help of forward or reverse genetic mutant analyses in model species (Goujon et al. 2003) or by studying natural mutants (Gill et al. 2003) . Genes that are hypothesized to be involved in wood development in loblolly pine in previous studies were used to generate the expression data for the analyses presented here (Palle et al. 2011) . Our primary objectives for this project were to discover significant associations between the expressions of 106 putative wood development genes and 3938 SNPs and to hypothesize possible relationships. Association studies performed using these gene expression data resulted in significant associations. Even though very little is known about the role of quantitative gene expression variation in phenotype determination, the results from these association studies will contribute to the understanding of the genetic architecture of complex traits and the underlying molecular basis of whole-plant phenotypic variation.
Materials and methods

Association population
The association population is comprised of loblolly pine clones that represent a diverse portion of the natural range of loblolly pine. This population was created at North Carolina State University from 600 independent seed lots obtained from the three southern pine breeding cooperatives . Three rooted cuttings from each of the 400 clones were transplanted into pots all containing the same potting mixture and were grown for four additional months (AprilAugust 2006) in a common greenhouse environment with evaporative cooling in College Station, TX. The stems, needles and roots were collected from each plant over a 3-day period, immediately frozen in liquid nitrogen and stored at −80 °C.
RNA extraction and cDNA synthesis
Total RNA was extracted from the stems of two ramets (biological replicates) of each clone using the method of Chang et al. (1993) except for an additional chloroform extraction. Residual DNA was removed using DNA-free™ (Ambion Inc., Austin, TX, USA). The first strand cDNAs for each sample were synthesized using 5 µg of total RNA, random hexamers and a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), following the manufacturer's recommendations.
Gene selection
Wood properties are determined by the activity of the genes involved in xylogenesis (Whetten et al. 2001 ) and these genes are potential targets for the modification of wood properties (Yang and Loopstra 2005) . Therefore, 111 genes shown or hypothesized to be involved in xylem development were selected for the expression studies based on reviews of the current literature and prior research. The selected genes, including cellulose synthases, arabinogalactan proteins, lignin biosynthetic genes, tubulins, various transcription factors, etc., are described in Palle et al. (2011) and the justification for gene selection is given in the supplementary text of that paper. The selected genes include those involved in cell wall formation, lignin biosynthesis, transcription factors and genes of unknown function that are preferentially expressed in loblolly pine xylem tissue.
Relative gene expression analysis
Transcript levels of the genes of interest were determined using quantitative real-time polymerase chain reaction (qRT-PCR) for two ramets per clone (biological replications). The technical variability of the PCR reaction was standardized by the inclusion of a template normalization step using uniformly and stably expressed reference genes, 18S rRNA and β-actin. A no template control (NTC) and a no reverse transcriptase (-RT) control were included as negative controls. Amplification of the NTC sample indicates the presence of primer-dimer formed during the reaction. The -RT sample is included to confirm the absence of genomic amplification. Samples were run in duplicate (technical replications) on each plate using SYBRGreen PCR Master Mix (Applied Biosystems) on a GeneAmp 7900HT Sequence Detection System (Applied Biosystems), following the manufacturer's recommendations. Real-time RT-PCR was performed in an 8 µl reaction mixture containing 2.5 µl ddH 2 O, 4 µl SYBR-Green PCR Master Mix, 0.5 µl forward primer (1 mM), 0.5 µl reverse primer (1 mM) and 0.5 µl of template cDNA (10 ng/µl). The PCR conditions were 2 min of preincubation at 50 °C, 10 min of predenaturation at 95 °C, 40 cycles of 15 s at 95 °C and 1 min at 60 °C, followed by steps for dissociation curve generation (15 s at 95 °C, 15 s at 60 °C and 15 s at 95 °C).
Single nucleotide polymorphism genotyping
Genotyping of SNPs was performed using the Illumina Infinium™ assay (Illumina, San Diego, CA, USA) at the University of California-Davis Genome Center (e.g., Eckert et al. 2009 ). Approximately 22,000 SNPs were discovered through the resequencing of 7508 unique contigs in 18 loblolly pine haploid megagametophytes. Based on quality scores derived from the original sequence data, 7216 of these SNPs were chosen for genotyping. Arrays were imaged on a Bead Array reader (Illumina) and results were analyzed using the BeadStudio ver. 3.1.3.0 software (Illumina), and 3938 SNPs were selected based on the quality and reliability of reads as well as the frequency of polymorphism across genotypes in the association population. Further information regarding the discovery, annotation, PCR, genotyping and DNA sequencing protocols is available in Eckert et al. (2010) . Genotypic data of the 3938 SNP markers were available for all 400 clones used in gene expression analyses.
Population structure analysis
Patterns of population structure within this association population were assessed using 23 nuclear single sequence repeat markers in conjunction with STRUCTURE version 2.2 (Pritchard et al. 2000 , Falush et al. 2003 . The association analyses performed in this study were performed with a cluster number of five (K = 5). This value was the minimal value of K at which the log-probability of the data leveled, and membership coefficients illustrated geographical trends for most clusters (Eckert et al. 2010) . Membership coefficients for these clusters were also in agreement with previous research, which identified significant structure (F ST = 0.02-0.04) between samples spanning the Mississippi River Valley (Schmidtling et al. 1999, Al-Rabab'ah and Williams 2002) . The same correction was applied in Cumbie et al. (2011) and Quesada et al. (2010) .
Association analysis
General linear models (GLMs) were fit to each marker and trait combination. This approach takes into account the underlying structure in the population through the incorporation of covariates describing population structure as fixed effects (Yu et al. 2006) . A kinship matrix was not used as the plants in the association population were unrelated, first-generation trees, and inclusion of a K matrix produced little differences as compared with GLMs containing only population structure covariates. Analyses were conducted using Tassel version 1.9.4 (release March 2006). Corrections for multiple testing were performed using the positive false discovery rate (FDR) method (Storey 2002, Storey and Tibshirani 2003) as implemented in the Association analyses of pine xylem gene expression 765 Q-value package (http://genomics.princeton.edu/storeylab/ qvalue/) available in the R computing environment (version R-2.10.1, R Development Core Team 2010). A power analysis was also conducted using the deterministic approach as employed in the ldDesign library of R (Luo 1988 , Ball 2005 . This approach utilizes several parameters describing the underlying biology of genetic associations. Here, we used a range of values for allele frequencies at the QTL and marker (0.01-0.50), heritability of the QTL (h 2 = 0.10, 0.30 and 0.60), level of dominance (φ = 0.0 (additivity), 0.5, and 1.0 (complete dominance)) and linkage disequilibrium between marker and QTL (|D′| = 0.05, 0.50 and 0.90). All other parameters were set to single values based on our study design (n = 400 clones).
Results
Phenotypic and genotypic variation
Gene expression values for 111 genes known or hypothesized to be involved in wood development were collected from 400 clones of loblolly pine using qRT-PCR and are presented in detail in Palle et al. (2011) . A paired t-test and an analysis of variance, using a P value of 0.01, were used on normalized and calibrated transcript levels to test for variation in gene expression among clones. Of the 111 genes analyzed, statistically significant differences (P ≤ 0.01) among clones were observed for 106 genes. The differences between the clone with the lowest expression and that with the highest expression ranged from 4-fold to 362-fold. These expression values were used for the association studies. Results of population structure analysis are discussed in detail in Eckert et al. (2010) , which presents the first genome-wide analysis for population structure of functional genetic variation among natural populations of loblolly pine.
Genetic associations
Association analyses were performed using expression values for the 106 putative wood development genes and 3938 SNPs from expressed genes. Out of 437,118 comparisons, significant associations (P < 0.05) were observed for 22,665 (5.18% of comparisons). However, correction for multiple testing using the FDR method resulted in 88 significant associations (Q < 0.05) involving the expression of 32 genes with 80 SNPs in 78 genes (0.02% of comparisons). Of all the SNPs analyzed, 2% had significant associations with the expression of at least one gene and 31% of genes had significant associations with at least one SNP (Q < 0.05). Of the 80 SNPs involved in associations with highly significant Q values, 30 SNPs caused an amino acid change in the resulting protein. Eighteen SNPs resulted in synonymous mutations (no amino acid change), 11 SNPs were in 3′ untranslated regions (UTRs), 1 SNP was in a 5′ UTR and 20 SNPs were in introns ( Table 1 ). The r 2 values indicating the proportion of phenotypic variance explained by the markers are given in Table 1 . For most associations, 5-10% of the total phenotypic variance in expression, including nonheritable variation, is the effect of the SNP. These estimates are small, which is normal for association analyses, and may be inflated due to the small sample size. In general, the design employed in this study had low power ( Figure S1 available as Supplementary Data at Tree Physiology Online), although moderate to high power was realized when linkage disequilibrium between the marker and QTL alleles was moderate to high. Of particular note is the observation that low-frequency alleles at marker loci have moderate power (>0.20) when the causative allele at the QTL is also at a low frequency ( Figure S1a available as Supplementary Data at Tree Physiology Online). In general, increasing heritability, levels of linkage disequilibrium and the degree of additivity increased statistical power. Thus, depending upon a number of unknown quantities, the power of our study design could range from near the false-positive rate (α = 0.05) to almost 0.95. Genbank IDs and SNP contig IDs of the genes and the contigs containing the SNPs are given in the Tables S1 and S2 available as Supplementary Data at Tree Physiology Online.
Lignin biosynthetic enzymes
Significant associations (P < 0.05) were found for 5 of the 8 lignin biosynthetic genes (CAD, PAL1, CCR1, C3H1 and TC4H-1) used in the analyses. However, correction for multiple testing using the FDR method resulted in significant associations for only three genes, CAD, PAL1 and CCR1 (Table 1a ). The CCR1 gene showed significant associations with three SNPs in two genes. The PAL1 gene showed significant associations with three SNPs all in different genes.
Cellulose and callose synthases
Three out of nine cellulose synthase or cellulose synthase-like genes and one out of three callose synthase genes (CeSA2, CeSA4, CeSA9, and CaS3) used in the gene expression analyses showed significant associations with SNPs after corrections for multiple testing (Q < 0.1), but only three genes were significant at a more stringent threshold of Q < 0.05 (Table 1b) .
Cell wall proteins
No significant associations (P < 0.05) were found for expression data of a glycine-rich protein or a proline-rich protein, previously shown to be preferentially expressed in xylem, or any of the nine arabinogalactan-proteins (AGPs) used in the analyses.
Tubulins and expansins
Analyses of four tubulin and two expansin genes resulted in significant associations for three of the tubulins (α-tubulin-1, α-tubulin-2 and β-tubulin-1) after correction for multiple testing (Q < 0.05). Expression of α-tubulin-1 was associated with six SNPs, α-tubulin-2 with four SNPs and β-tubulin-1 with two SNPs (Table 1c) . No significant associations were discovered involving either expansin gene.
Transcription factors
Six out of 21 analyzed transcription factors known or hypothesized to be involved in xylem development (KNAT7 (1 SNP), MYB4 (3 SNPs), MADS box protein (2 SNPs), eIF4a (1 SNP), 768 Palle et al. MYB2 (2 SNPs), aluminum-induced transcription factor (5 SNPs)) had significant associations (Q < 0.05; Table 1d ). Four of the SNPs in transcription factors resulted in nonsynonymous mutations.
Other enzymes involved in xylem development
Thirty-seven genes encoding enzymes hypothesized to be involved in xylem development, besides those involved in lignin or cellulose biosynthesis, were also included in the analysis. Thirteen of these genes (12OPR (2 SNPs), AdeKin (2 SNPs), BKACPS (1 SNP), BQR (1 SNP), GMP1 (1 SNP), GMP2 (2 SNPs), Importin (1 SNP), LP6 (2 SNPs), PLR (4 SNPs), XET3 (1 SNPs), XGFT7 (2 SNPs), XXT1 (3 SNPs), UGP (2 SNPs)) showed significant associations with SNPs after corrections for multiple testing (Table 1e ). Ten of the SNPs in these enzymes resulted in nonsynonymous mutations.
Hypothetical proteins
Seven genes preferentially expressed in xylem tissue, but with no known function and only expressed in gymnosperms, were analyzed. Five showed significant associations with SNPs after corrections for multiple testing (Table 1f) . No hit-3 (NH-3) had significant associations with SNPs in 16 different genes, 7 of which were nonsynonymous mutations. Of those seven, four were found in putative transcription factors.
An interesting result was obtained for the No hit-4 gene (NH-4)
. The expression of this gene showed significant associations (Q values <0.10) with 12 SNPs in 10 different genes with nearly identical Q values. Of these 12 SNPs, 10 had the same SNP profile across all the clones, while 2 SNPs differed in only 14 clones. The SNPs are from EST contigs that map to the exact (i.e., numerically the same) same position on linkage group 8. This result appears to be due to the tight linkage of these genes and it is probable that only one of these genes has a functional association with the expression of the NH-4 gene. One more instance of linkage resulting in significant associations was seen with UDP-glucose pyrophosphorylase (UGP). Expression of the UGP gene has significant associations with SNPs in two genes. These two SNPs have the same SNP profile and their EST contigs map to the same region on linkage group 2 of the loblolly pine genome. Only one of these two associations is likely to be a functional association, while the other appears to be a significant association because of its linkage with the functionally associated gene. In each case, it may be that a linked gene, without analyzed SNPs, is functionally associated. The Manhattan plot in Figure 1 shows the −log10 of all the P values (i.e., all SNPs versus all gene expression phenotypes) across the linkage map for loblolly pine. All of those points with large values on the y-axis in linkage group 8 correspond to SNPs associated to NH-4. In some other cases, expression of a gene was significantly associated with two SNPs in the same gene and these SNPs had the same profile across the population.
In other instances, an SNP showed significant association with the expression of more than one gene (Table 2) . Associations between SNPs and more than one phenotype (in this case gene expression data) reveal pleiotropic effects of individual genes on multiple traits.
Effects of associated SNPs on gene expression
In order to study the direct or indirect effect of the SNP on the expression of the gene with which it showed a significant association, the average gene expression values for the clones with Association analyses of pine xylem gene expression 769 12OPR, 12-OXO-phosphodiennoate reductase; αtub-2, α-tubulin-2; AIP, aluminum-induced protein (ARG10-glutamine amidotransferase class II protein); βtub-1, β-tubulin-1; BKACPS, beta-ketoacyl-ACP synthetase I-2; eIF4a, translation initiation factor; GMP2, GDP-mannose pyrophosphorylase 2; MYB2, MYB transcription factor-2; NH-3, no hit gene-3; NH-9, no hit gene-9; PAL1, phenylalanine ammonia lyase-1; XGFT7, xyloglucan fucosyltransferase-7. two homozygous alleles or those heterozygous at the SNP position were calculated for all the associations and those with the greatest differences are presented in Table 3 . In most cases (19 out of 23 presented in Table 3 ) the heterozygotes had an average expression closer to the average for individuals homozygous for the more common allele. The greatest difference in expression (16.1-fold) was for NH-3 in plants with a nonsynonymous mutation in a MYB2 transcription factor. Unfortunately, only one tree was homozygous for the rare allele. However, an average of a 3.8-fold difference in expression was observed between individuals homozygous for the common allele and the 14 heterozygous trees. Of the 21 different SNP genotypes in Table 3 , 18 were in Hardy-Weinberg equilibrium. Of the three that were not in equilibrium, two had more trees homozygous for the rare allele than expected and one had fewer than expected. A nonsynonymous mutation in an UDP-glycosyltransferase was associated with the expression of cellulose synthase 9. Based on allele frequencies, we expected there to be six trees homozygous for the rare allele, but only observed two. The difference may be due to the low frequency of the rare allele (14.2%), but it is interesting that both genes are involved in the formation of cellulose.
Discussion
Variation in gene expression between individuals is, in some cases, responsible for phenotypic variation in traits of economic importance, including wood properties (González-Martínez et al. 2007) . Differences in gene expression in trees over developmental time courses or in different tissues have been the subjects of many previous studies (Ujino-Ihara et al. 2000 , Yang et al. 2004 , Li et al. 2009 ), but until recently, little was known about differences among genotypes. Yang and Loopstra (2005) identified differences in gene expression between trees from two different regions, but the number of trees involved was small. Palle et al. (2011) discovered high levels of natural variation in the expression of 106 putative wood development genes among 426 individuals from across the native range of loblolly pine, which implies that a sizeable fraction of this variation is heritable as has been illustrated for gene expression patterns in other plants (Kirst et al. 2004, Delker and Quint 2011) . Here, we attempted to identify associations between these expression differences and 3938 SNPs in loblolly pine genes. We are not aware of the association studies of this size previously being done using gene expression in conifers, although 770 Palle et al. (2007) identified several SNPs from loblolly pine wood-and drought-related genes that showed genetic association with an array of wood property traits using a candidate-gene-based association mapping strategy. The results from these projects encouraged us to carry out association mapping on a larger scale using gene expression data as the phenotypic trait. Eighty-eight highly significant associations between 80 SNPs and expression levels of 32 genes were discovered. The associated SNPs may or may not be functionally associated with gene expression as they may be linked to other polymorphisms that are directly or indirectly responsible. Previous studies have shown that linkage disequilibrium declines within the length of an average-sized gene in conifers (Brown et al. 2004 , Neale and Savolainen 2004 , Heuertz et al. 2006 ). That appears to be true for many of the genotyped genes used for these analyses as frequently two SNPs from the same gene did not have the same SNP profile. However, in our association study, we found that the expression of one gene was associated with 12 SNPs in 10 different genes with nearly identical Q values. The 10 genes had the same SNP profile and mapped together on linkage group 8 (Figure 1) . Although the expression of the NH-4 gene showed significant association with 10 genes, it is probably functionally associated with only one of those genes or the association could be to a linked gene that was not analyzed for SNPs. The remaining genes are significantly associated because of their close linkage with the functionally associated gene. In the same way, expression of a UDP-glucose pyrophosphorylase gene showed significant association with SNPs in two genes that were closely linked, suggesting that only one, or neither, of those SNPs might be a functional association. Therefore, SNPs with significant genetic associations with the expression of other genes may be responsible for the association or they may be located in close proximity to the causative polymorphism.
Expression values of 21 genes showed significant associations with 30 SNPs that caused an amino acid change in the resulting protein (Table 1) . Of these 30 SNPs, 21 resulted in a change of polarity or charge of the amino acid. The nonsynonymous mutations may affect protein function and therefore the expression of the associated genes through a variety of mechanisms including protein-protein and protein-nucleic acid interactions. Eighteen significant associations involved synonymous SNPs (no change in the amino acid) ( Table 1) . Several synonymous mutations have been reported to alter gene expression or protein folding (Chamary et al. 2006 , Sauna et al. 2007 , Gupta and Lee 2008 . Codon usage bias, which occurs due to the presence of unequal concentrations of tRNAs for a given amino acid, might be responsible for altered gene expression due to synonymous mutations (Richmond 1970 , Sharp et al. 1993 , Ingvarsson 2008 . Codon usage bias has been investigated extensively in many species (http://www. kazusa.or.jp/codon/) (Liu et al. 2004 (Liu et al. , 2010 . In P. taeda, codon usage is biased for many amino acids. For example, AGA codes for arginine 3.55 times more often than CGG and GCU codes for alanine three times more frequently than does GCG. Therefore, the associations that we discovered between expression data and synonymous SNPs might be due to codon usage bias. Alternatively, these SNPs might not be functional associations, but are tightly linked to SNPs that were not included in this project but are the real cause of the expression differences. Although linkage disequilibrium is thought to decay rapidly in conifers, we did identify a region of at least 12 genes mapping to linkage group 8 with very little recombination. Therefore, SNPs present in genes close to these associated SNPs should be detected and analyzed for the presence of linkage or a stronger association with gene expression.
Some of the SNPs in the significant associations observed are located in non-coding regions, 12 in UTRs and 20 in introns (Table 1) , raising the possibility that these regions are involved in the expression of that particular gene through some unidentified regulatory mechanisms and are thus affecting the expression of our gene. SNPs in UTRs can influence gene expression by affecting mRNA stability, transcription or translation efficiency and mRNA localization (Wang and Cooper 2007, Serre et al. 2008) . Kamiyama et al. (2007) have shown that an SNP present in the 3′ UTR of a gene-encoding neurocalcin δ was responsible for the mRNA stability in diabetic patients. SNPs in the 3′ UTRs of the DAT (human dopamine transporter) gene (Miller and Madras 2002 ) and a human alpha-synuclein gene (Sotiriou et al. 2009 ) are responsible for the variability in the protein levels and gene expression levels, respectively.
Intronic SNPs can affect gene expression by altering transcription factor binding sites or splice enhancers present in some introns or by changing splicing patterns, which leads to a truncated or mutant protein (ElSharawy et al. 2006) . Mutations in introns have been shown to affect regulation and thus the expression of some genes including a tubulin (Fiume et al. 2004 ) and a polyubiquitin gene, rubi3 (Samadder et al. 2008) , in rice as well as the VRN-1 gene (Vernalization response-1) in barley and wheat (Fu et al. 2005) . Of the 20 intronic SNPs that showed associations with the expression of wood development genes, two of them were recognized as potential splice sites by GeneSplicer (http://www.cbcb.umd.edu/software/GeneSplicer/). One of the intronic SNPs is in the homolog of a poplar SEC14 cytosolic factor that has significant associations with the expression of two tubulins, while the other SNP is in the homolog of an Arabidopsis hypothetical protein (AT1G01500) that is associated with the expression of GMP2. These two SNPs may be changing the splice patterns, resulting in an altered protein that affects the expression of the tubulins and GMP2.
AraNet, a probabilistic functional gene network of A. thaliana, provides a resource for plant gene function identification and genetic dissection of plant traits (Lee et al. 2010 ) (http:// www.functionalnet.org/aranet/). We identified the Arabidopsis genes most similar to the pine genes analyzed for gene expression as well as those containing the associated SNPs (Table S3 available as Supplementary Data at Tree Physiology Online) and used AraNet to determine if the Arabidopsis genes corresponding to the two associated pine genes were part of the same gene network. Each pair of genes involved in 21 highly significant associations was part of an Arabidopsis gene network. Some of the genes used in expression analysis and contigs containing SNPs did not have significant matches in Genbank for Arabidopsis, and hence could not be found in the networks. It is understandable that we might not find all the associations we identified in loblolly pine in Arabidopsis as Arabidopsis is an herbaceous flowering plant, while loblolly pine is a large, woody gymnosperm. Finding some of our associations in Arabidopsis provides support to our association study results.
We have attempted to develop models to explain how an SNP in one gene could affect the expression of another gene. A nonsynonymous SNP in a transcription factor could directly affect the expression of genes regulated by that transcription factor. For example, the expression of the NH-3 gene has significant associations with nonsynonymous SNPs in four different transcription factors. Two of these SNPs are present in the DNA-binding domains of these transcription factors (PtMYB2 and a homolog of an Arabidopsis bZIP transcription factor). We hypothesize that these SNPs result in mutated transcription factors that are unable to bind tightly to the NH-3 promoter, thus leading to low expression of NH-3. Of 343 plants, only one plant has histidine at position 19 of PtMYB2, 328 plants have proline and 14 plants are heterozygous. PgMYB2, a Picea glauca (Moench) Voss MYB which is highly homologous to PtMYB2, is preferentially expressed in secondary xylem, is upregulated in compression wood and is likely to play a role in lignin metabolism and wood formation (Bedon et al. 2007 ). The plants with proline in the SNP position have a 16-fold higher expression than the plant with histidine in the SNP position, with heterozygotes being intermediate (Table 3) . We hypothesize that the allele encoding histidine is rare because it causes a large decrease in expression of multiple genes including NH-3 and is in some way deleterious. Many of the significant associations observed involved 10 or fewer plants homozygous for the rare allele. In the majority of cases, expression in plants homozygous for the rare allele was lower than in plants homozygous for the common allele or those that were heterozygous. It is possible that some of the rare alleles are deleterious.
However, there are other situations where the explanation is more complex. A nonsynonymous SNP in a zinc-finger domain protein was associated with an increase in expression of an α-tubulin 1 gene. Plants homozygous for the rare glutamine allele had ~7-fold higher expression than those homozygous for the common arginine allele or those who were heterozygous (Table 3) . A simple model with the zinc-finger domain protein binding directly to the α-tubulin 1 promoter would not explain why the heterozygotes do not have increased expression. We have not confirmed our association analyses in a validation population due to the lack of a second population. We expect that some of our significant associations would not have been identified as significant in a second population.
Linkage disequilibrium (LD)-based association analyses assist in the development of functional markers by studying marker-trait associations, which can be utilized in markerassisted selection (MAS). In forest trees, where mapping populations cannot be easily generated, MAS will be useful (Gupta et al. 2005) . Once significant associations have been discovered, the next question is to determine the molecular mechanisms through which they influence phenotypic expression (McCarthy et al. 2008 ). It becomes difficult to determine the molecular mechanisms if the genes are of unknown function or have no connection to the phenotype (Stranger et al. 2007 ). We also need to determine if the associations are functional and not due to linkage. It is possible that many of the SNPs associated with gene expression in this study are not functional, but with low LD they may be nearby. In order to completely understand the genetic architecture of a trait, including gene expression, it will be necessary to conduct association studies with virtually all the genes in the genome (González-Martínez et al. 2007 ). This is becoming more feasible due to improvements in sequencing technologies and decreasing costs. For example, it is now possible to discover and analyze much larger numbers of polymorphisms using next generation sequencing.
Functional polymorphisms can directly affect not only protein structure and function but also gene expression. Both can affect physiological traits including those important for determining wood characteristics, growth, adaptation, etc. Van Poecke et al. (2007) demonstrated that the variation in gene expression patterns and phenotypic responses among natural accessions in Arabidopsis are correlated, indicating that gene expression patterns contain predictive information on phenotypic responses. Therefore, it would be interesting to analyze other phenotypic traits including wood characteristics, growth and survival in this population to see if the variation in gene expression is associated with phenotype. This would help us understand the causes of natural variation in traits of economic importance observed in the population. This study and studies of this type can help us gain a better understanding of the relationships between functional variants, gene expression and physiological traits. It will be necessary to understand and identify both types of variation to use MAS to breed for loblolly pines best suited to future environments, with optimal growth, resistance to biotic and abiotic stresses and with desired wood properties. This study has identified some interesting relationships that will be pursued in the future to help us better understand how genes and proteins interact to influence pine growth and development.
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